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Abstract 
A new lateral stirrup design is proposed for short deep beams by considering three-dimensional effects. A series of 
tests were carried out in order to demonstrate the effect of proposed design. The test results of proposed stirrup design 
indicated the increase of load carrying capacity and energy dissipation in post-peak behavior. Test results were 
confirmed by analytically using 3-D Rigid-Body-Spring-Model (RBSM) that is a representative method of discrete 
element method. It was confirmed by the analytical results that the effectiveness of new stirrup design was caused by 
confinement effect provided by lateral stirrups.  
Keywords: Deep Beam, 3-D Effect, Lateral Stirrup, Rigid-Body-Spring-Model. 
1. INTRODUCTION
In short deep beams having shear span to depth ratio (a/d) less than 1.0, the compressive shear failure occurs with 
spalling of concrete along the compression struts. Moreover, recent numerical studies showed that three-dimensional 
behavior is important for short deep beams (Gedik et al. 2010). On the other hand, it has been reported in the 
literature that there is no significant effect of vertical stirrup in deep beams with a/d less than 1.0 (Tanimura and Sato 
2005). This means that, no effective reinforcement method in order to enhance the structural performance of short 
deep beam has been proposed.  
In this study, a new stirrup design for short deep beams is proposed by considering 3-D effects. Stirrups are placed in 
the shear span laterally along the beam height. Three deep beams with a/d=0.5 were tested including no stirrup case 
(BS2), with vertical stirrup case (BS2-VS) and with lateral stirrup case (BS2-LS) and the results in terms of load 
displacement graphs, failure shapes and strain of stirrups are compared and discussed. Moreover, the test results are 
confirmed by analytically using 3-D Rigid-Body-Spring-Model (RBSM), which is firstly proposed by Kawai (Kawai 
1978). It is a representative method of discrete element method and it can show realistic behavior from cracking to 
failure. The effectiveness of lateral stirrup design is confirmed by both experimentally and analytically. 
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2. TEST PROGRAM 
2.1. Specimens and testing details 
Three specimens given in Table 1 were tested in order to investigate the effect of proposed lateral 
stirrup design for short deep beams. Details of specimens are given in Figure 1. The specimens have the 
same overall dimensions and longitudinal reinforcement ratio of 4.55%. The shear span to depth ratio is 
0.5 and the loading and support plate widths are 60 mm. The yielding strength and elastic modulus of 
stirrup are 345 MPa and 200 GPa respectively. Vertical and lateral stirrup cover thicknesses are 8 mm and 
2 mm for BS2-VS and BS2-LS respectively. 
Table 1: Properties of specimens 
Specime
n
Beam 
Length
(mm) 
Overall 
height 
(mm) 
Effective 
Depth 
(mm) 
Beam 
Width 
(mm) 
Shear 
Span 
(mm) 
a/
d
Plate
Width 
(mm) 
fc' 
(MP
a)
BS2 500 
200 
170 100 85 0.
5
60 20.5
BS2-VS 500 
200 
170 100 85 0.
5
60 20.5
BS2-LS 500 
200 
170 100 85 0.
5
60 20.5
BS2 specimen has no stirrup in shear span as shown in Figure 1. BS2-VS has vertical stirrup having 
spacing of 35 mm. BS2-LS represents proposed stirrup design having lateral stirrups in shear span along 
the beam height with vertical spacing of 35 mm that is the same with the spacing of vertical stirrup 
(Figure 1). The volumetric ratio of reinforcement in shear span for BS2-VS and BS2-LS are 0.021 and 
0.022 respectively, which are very close to each other. 
Figure 1: Specimen details. 
2966  Y.H. GEDIK et al. / Procedia Engineering 14 (2011) 2964–2971
Four point loading was applied to test specimens. 4 LVDT for support deflections and 1 LVDT for 
mid-span deflection were attached and the relative mid-span deflection was considered. 
2.2. Test results 
The comparison of load displacement graphs for specimens is given in Figure 2. The load-
displacement graph of BS2 is shown by dashed line where the graph of BS2-VS is given by dashed-
dotted line. The peak load of BS2 and BS2-VS specimens are 314 kN and 300 kN respectively. There is 
no effect of vertical stirrup on the peak load as seen in the figure. Figure 3.a shows the strain of vertical 
stirrup in BS2-VS specimen. The strain measurement points are given in Figure 1. The vertical stirrup did 
not yield before the post-peak load P=262 kN as shown in Figure 3.a. Therefore, the vertical stirrup does 
not affect the peak load. On the other hand, more ductile behavior is observed after the post-peak load 
P=262 kN between BS2 and BS2-VS due to yielding of vertical stirrup hereafter.         
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Figure 2: Load-displacement graphs. 
(a)                                (b) 
Figure 3: a) Strain of vertical stirrup (BS2-VS), b) Strain of lateral stirrup (BS2-LS). 
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The load-displacement graph of BS2-LS specimen is given by solid line in Figure 2. The peak load is 
373 kN, which is higher value than that of no lateral stirrup case (BS2) and vertical stirrup case (BS2-VS). 
Hence, the use of proposed lateral stirrup increases the peak load significantly. Moreover, the graph of 
BS2-LS specimen shows more ductile behavior compared to BS2 specimen. That is, the lateral stirrup is 
effective for short deep beams having a/d=0.5 and it increases the load capacity as well as the ductility. 
Figure 3.b shows the strain of lateral stirrups in BS2-LS specimen. The strain measurement points are 
given in Figure 1. One of the lateral stirrups yielded as shown. Moreover, most of the stirrups have the 
larger strain values than that of vertical stirrups before the peak load. Therefore, the lateral stirrups are 
effective by providing the confinement effect within the compression strut.      
Figure 4.a shows the failure of BS2 specimen. As seen in the figure, the compressive shear failure 
occurred leaded by diagonal shear crack with large amount of spalling of concrete. In BS2-VS specimen, 
the main shear crack occurs steeply between vertical stirrups as seen in Figure 4.b. The failure of BS2-LS 
beam is given in Figure 4.c. The lateral stirrups within the shear span were reduced the amount of spalling 
with confinement effect as seen. Moreover, the failure occurred with many shear cracks formed between 
stirrups rather than one main diagonal crack. Therefore, energy dissipation was increased and more 
ductile behavior occurred as well as the increase of load capacity.   
(a)    (b)    (c) 
Figure 4: a) Failure of BS2, b) Failure of BS2-VS, c) Failure of BS2-LS. 
3. ANALYTICAL RESULTS 
3.1. Analytical method 
3.1.1. 3-D RBSM 
In 3-D RBSM, concrete is modeled as an assemblage of rigid particles interconnected by springs along 
their boundaries. Continuum mechanics assures the internal behavior of each particle. On the other hand, 
the response of the spring model provides insight of the interaction between the particles instead. Each 
rigid particle has three translational and three rotational degrees of freedom defined at the nuclei (Figure 
5.a). As shown in the figure, the boundary surface of two particles is divided by several triangles with the 
center of gravity and vertices of the surface. The integral point has one normal and two tangential springs. 
This model can automatically evaluate the effect of bending and torsional moment without setting any 
rotational springs (Yamamoto et al. 2008). 
The crack pattern is strongly affected by the mesh design since the cracks initiate and propagate 
through interface boundaries of particles. A random geometry of rigid particles is generated by Voronoi 
diagram (Figure 5.b) that reduces the mesh bias on the initiation and propagation of potential cracks 
(Bolander et al. 2000).  
A series of beam elements is used in order to model the reinforcement that can be established 
independently not depending the concrete discretization (Bolander and Hong 2002). Each beam-node has 
two translational and one rotational degree of freedom. The load transfer between these beam nodes and 
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concrete particles are provided by linkage elements that provide the connection between beam elements 
and particles (Saito 1999). 
Figure 5: a) Rigid body spring model b) Voronoi diagram. 
3.1.2. Concrete material model 
Figure 6 shows the concrete material models used in RBSM (Yamamoto et al. 2008). The tensile 
model of normal spring is ¼ tensile model shown in Figure 6.a. The model considers the tensile fracture 
energy.
Figure 6: Concrete material models (Yamamoto et al. 2008). 
The compression model of the normal spring is given in Figure 6.b. The parameters in the model are 
obtained by parametric analyses. Compressive failure of normal spring does not occur in this model. 
However, the compressive failure behavior can be simulated with confinement effect by combination of 
normal spring and shear springs (Yamamoto et al. 2008). 
The shear spring model is shown in Figure 6.c. In the model, two tangential springs are combined. 
Figure 6.d and 6.e shows Mohr-Coulomb type criteria for shear and softening coefficient for shear spring 
respectively. The shear stress in the model decreases by increase of crack width (Yamamoto et al. 2008). 
3.2. Analytical results 
The tested beams were analyzed by 3-D RBSM. The specimens are modeled by 1470 number of 
voronoi particles, which have average size of 18 mm. Figure 7 shows the comparison of test and 
analytical load-displacement graphs for BS2, BS2-VS and BS2-LS specimens. Analytical results agreed 
with the test reasonably as seen in the figures. 
(a) (b) 
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Figure 7: Comparison of load-displacement graphs. 
Figure 8.a gives the strain of stirrups in BS2-VS specimen. The measurement points are indicated in 
Figure 1 as G1 and G2. As shown in the figure, the results agreed with the test results, which were 
discussed in the previous section.  
               (a)           (b) 
 Figure 8: Strain of stirrups. 
The strain of lateral stirrups are measured and discussed in order to investigate the confinement effect 
of the proposed design. Figure 8.b shows the strain on the two arms of the stirrups; that is, along the beam 
width (A, B, C) and along the beam surface (D, E, F) as indicated on the right side of the figure. The 
comparison between points A, B, C and points D, E, F shows that the strain values located on the surface 
side give higher values until the peak load. Moreover, the strain values on the E and F points are also 
significantly higher than the A, B and C points after the peak load as shown. Because, the stirrup arm on 
the surface side resists the spalling of concrete. This behavior confirms that, the concrete spalling on the 
beam surface is prevented by lateral stirrup due to confinement effect. Therefore, the load capacity and 
ductility of the beam increase.  
Figure 9 and 10 shows the comparison of principle stress distribution for specimens at three steps that 
are marked as a, b, and c on the load displacement graphs in Figure 7. The stress distribution along the 
middle longutidunal beam section is given in Figure 9. The maximum of the stress range is set to 35.0 
MPa (1.7*fc’). At point a, which is near the peak, the stress distribution is similar for all cases. At point b 
and c in the post-peak, the lateral stirrup provides higher stress concentration along the strut in BS2-LS, 
compared to BS2 and BS2-VS cases. Moreover, stress flow along the struts disappears in BS2 and BS2-
VS cases where it is sustained in BS2-LS specimen by confinement effect of lateral stirrup. Figure 10 
shows the stress distribution on the cross-section at the middle of the shear span. In BS2-LS specimen, 
the higher stress is observed on the core area in the post-peak, which confirms the confinement effect of 
lateral stirrup.    
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Figure 9: Principle stress distribution on the middle longitudinal section. 
Figure 10: Principle stress distribution on the cross-section at the middle of the shear span.  
4. CONCLUSIONS 
1. A new stirrup design for short deep beams is proposed by considering three-dimensional effects 
such as lateral deformations and spalling of concrete. Stirrups are placed laterally in the shear span 
along the beam height in order to prevent lateral deformations by confinement effect. 
2. Three deep beam specimens with a/d=0.5 were tested including no stirrup case (BS2), with vertical 
stirrup case (BS2-VS) and with lateral stirrup case (BS2-LS). It is confirmed that, there is no 
significant effect of vertical stirrups in deep beams with a/d=0.5. On the other hand, the lateral 
stirrup increases the load carrying capacity and ductility of the beam significantly. 
3. Test results are analyzed by 3-D RBSM and the effectiveness of the lateral stirrup is investigated 
analytically. As a result of discussion on the stirrup strain values and beam stress distribution, the 
effectiveness of lateral stirrup by providing confinement effect is also confirmed analytically.        
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